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Abstract 
The life cycle of the Lymantria dispar nuclear polyhedrosis virus (LdMNPV) was characterized through analysis of 
budded virus (BV) release, the temporal formation of polyhedra, the temporal transcription pattern of representative 
early, late, and hyper-expressed late genes, and the onset of DNA replication in the Ld652Y cell line. Transcripts from 
the LdMNPV immediate early gene G22 were detected 4 h post infection (h p.i.). The late and hyper-expressed late 
p39 capsid and polyhedrin genes were initially transcribed at approximately 20 and 24 h p.i., respectively. Viral DNA 
replication initiated at approximately 18-20 h p.i. Budded virus was released from infected cells between 24 and 36 
h p.i., and polyhedra were first detected at approximately 48 h p.i. © 1997 Elsevier Science B.V. 
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1. Introduction 
Nuclear polyhedrosis viruses (NPVs) are mem- 
bers of  the Baculoviridae. The genomes of  NPVs 
are composed of  covalently closed circular D N A  
ranging from approximately 80 to 165 kb in 
length. The Autographa californica nuclear poly- 
hedrosis virus (AcMNPV) is the best character- 
* Corresponding author. 
Present address. Department of Biology, Ferris State Uni- 
versity, 820 Campus Drive, Big Rapids, MI 49 307, USA. 
ized NPV. These viruses go through a two-stage 
life cycle (for review see Blissard and Rohrmann,  
1990). Early after infection a nonoccluded form of  
the virus is produced, termed budded virus (BV), 
which buds from the infected cells and spreads 
systemically through the larvae infecting other 
cells. Later in the course of  infection, infected cells 
begin producing occluded virions. These virions 
are packaged in protein matrices composed al- 
most entirely of  the protein polyhedrin to form 
structures termed polyhedra. Polyhedra are re- 
0168-1702/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
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sponsible for the transmission of the virus to 
other larvae after the infected host dies. 
After entry into the cell, viral DNA is re- 
leased and is replicated in the nucleus. Viral 
gene expression is controlled by a regulatory 
cascade in which each successive phase is depen- 
dent upon the previous phase. This cascade in- 
cludes early, late, and very late (or 
hyper-expressed) phases. Early gene expression 
precedes DNA replication, and is divided into 
immediate early and delayed early phases. Viral 
genes expressed during the immediate early time 
period (e.g., the AcMNPV ie-1 gene, Guarino 
and Summers, 1986) require no virally encoded 
proteins for their efficient expression, and pre- 
dominately utilize promoters that contain a 
functional TATA box. The delayed early phase 
of gene expression initiates at approximately 3 h 
p.i. in AcMNPV, and includes the gp64 (Blis- 
sard and Rohrmann, 1991), 39K (Guarino and 
Summers, 1986), and the p35K (Nissen and 
Friesen, 1989) genes. These genes also contain 
functional TATA boxes that support transcrip- 
tion at basal levels. However, for efficient tran- 
scription the delayed early genes p35K, 39K, and 
gp64 require transactivation by the ie-I gene 
product (Guarino and Summers, 1986: Nissen 
and Friesen, 1989: Blissard and Rohrmann, 
1991; Glocker et al., 1992). After DNA replica- 
tion has begun, late expression generates 
proteins such as the p39 capsid protein (Thiem 
and Miller, 1989) and polyhedral envelope 
protein (Gombart et al., 1989). Finally the hy- 
per-expressed or very late phase occurs, during 
which the polyhedrin and plO genes are ex- 
pressed (reviewed by Rohrmann, 1992). 
Nuclear polyhedrosis viruses have been iso- 
lated from over 600 insect species (David, 1975: 
Tinsley and Harrap, 1978: Harrap and Payne, 
1979). The Lymantria dispar multinucleocapsid 
nuclear polyhedrosis virus (LdMNPV) is one of 
these and is pathogenic to the gypsy moth (L. 
dispar), a serious forest and urban tree defolia- 
tor. The LdMNPV appears to be significantly 
different from the type baculovirus, AcMNPV. 
The genome of the LdMNPV is approximately 
162 kb in length and has a G + C  content of 
60%, whereas AcMNPV has ~ 134 kb genome 
with a G + C  content of 41% (Ayres et al., 
1994). The genes present in the genomes of 
these viruses are organized in a similar order in 
short segments, but overall the organization is 
not collinear (Bjornson and Rohrmann, 1992a,b: 
Riegel et al., 1994; Bischoff and Slavicek, 1994). 
Zanotto et al. (1993) have carried out a phylo- 
genetic analysis of the polyhedrin sequences of 
baculoviruses. This analysis indicates that the 
LdMNPV is evolutionarily more distant from 
AcMNPV than all other NPVs pathogenic for 
lepidoptera investigated. The life cycles of these 
viruses are similar: however, replication in the 
LdMNPV appears to be delayed relative to 
replication in the AcMNPV since polyhedra are 
not formed until ~ 48 h after infection (this re- 
port), compared to 12 h in AcMNPV. A previ- 
ous study with a single isolate of LdMNPV 
(McClintock et al., 1986) showed that LdMNPV 
infections were slower than AcMNPV infections. 
However, this study considered overall protein 
synthesis levels and not the now better under- 
stood expression-cascade life cycle of bac- 
uloviruses. 
The LdMNPV is not as well characterized as 
the AcMNPV. The viral genome has been 
mapped with restriction endonucleases (Smith et 
al., 1988; Riegel et al., 1994), and transcription 
and translation maps have been generated 
(Slavicek, 1991). A number of genes that have 
been previously identified in the AcMNPV in- 
cluding the ecdysteroid UDP-glucosyl transferase 
(Riegel et al., 1994), DNA polymerase (Bjornson 
et al., 1992), polyhedral envelope protein (Bjorn- 
son and Rohrmann, 1992a), polyhedrin (Smith 
et al., 1988), p39 nucleocapsid (Bjornson and 
Rohrmann, 1992b), and viral protein kinase 
(Bischoff and Slavicek, 1994), have been located 
and characterized in the LdMNPV. Even 
though several LdMNPV genes have been char- 
acterized at the structural level the life cycle of 
this virus had not been detailed. In this study 
we have continued the characterization of LdM- 
NPV by describing the viral life cycle through 
examination of BV release, the appearance of 
polyhedra, the onset of DNA replication, and 
the transcription of genes involved in each of 
the three stages of viral gene expression. 
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2. Materials and methods 
2.1. Maintenance of  cells and virus 
All virus growth was carried out in L. dispar 
652Y (Ld652Y) cell line. Cells were grown in 
Goodwins IPL52B media (JRH Biosciences) sup- 
plemented with 10% heat-inactivated fetal bovine 
serum (Hyclone), and 6.0 mM glutamine (Gibco). 
Plaque purified LdMNPV strains A21-2 and B21- 
1, which are genotypic variants, were used for 
these studies (Slavicek et al., 1995). 
2.2. Detection of polyhedra and virus titration 
Tissue culture flasks (25 cm 2) were seeded with 
1.25 x 106 Ld652Y cells, and the cells were in- 
fected with isolates A21-2 or B21-1 at 10 TCIDso 
units per cell. At various time points post infec- 
tion (p.i.), cells were visually inspected by phase 
contrast microscopy (Nikon Diaphot) to detect 
the presence of polyhedra, virus-containing media 
was harvested and titrated by end-point dilution 
assay, and flasks were harvested and the number 
of cells quantitated to determine the number of 
cells per ml and the number of cells containing 
polyhedra per ml. These numbers were then used 
to calculate the percent of cells with polyhedra. 
After a two week incubation period titration 
plates were scored and the BV titer was expressed 
as the TCIDs0 per ml of cell culture media. 
2.3. Measuring RNA expression 
Tissue culture flasks (75 cm 2) were seeded with 
6 x 106 Ld652Y cells, and then infected with 
LdMNPV isolate A21-2 or B21-1 at 10 TCIDs0 
units per cell at 27°C. After 1 h, the inoculum was 
replaced with 15 ml of fresh media. One flask of 
cells per isolate was harvested at 0, 4, 16, 20, 24, 
30, and 48 h p.i. (counted from the end of the 1 h 
adsorption period). Total cytoplasmic RNA was 
isolated following the procedure of Friesen and 
Miller (1985). RNA was separated on a 1.2% 
agarose gel containing formaldehyde, and the 
RNA was then transferred to nitrocellulose. Blots 
were probed with three different LdMNPV 
probes: G22, an immediate early gene (Bischoff 
and Slavicek, 1995); p39 capsid, a late gene 
(Thiem and Miller, 1989; Bjornson and 
Rohrmann, 1992b); and polyhedrin, a hyper-ex- 
pressed late gene (Smith et al., 1988; Friesen and 
Miller, 1985). Strand-specific oligonucleotides 
were end-labeled with [~-32p]ATP (NEN), and 
used as probes to detect G22, p39 capsid, and 
polyhedrin gene transcripts. The following 
oligonucleotides were used as probes: for the G22 
gene, CGTCATGGACAGAGACAGATGCTC- 
GCGAGG; the p39 capsid gene, GGTGGAC- 
AGCGCCCCGCTCACAAGTGCCAT; and the 
polyhedrin gene, GGCGGGGCTGTAGTTG- 
TAAAAGTTGTGCAT. These probes were indi- 
vidually hybridized to the Northern blots and 
washed according to the phosphate buffer proce- 
dure of Mahmoudi and Lin (1989). To investigate 
temporal transcription of the DNA polymerase 
gene, a similar time course was set up using only 
LdMNPV isolate A21-2 and RNA was harvested 
at 12, 14, 16, 18, 20, 22, and 24 h p.i.. DNA 
polymerase gene transcripts were detected using a 
NdeI to BgllI 3.0 kb fragment from the genomic 
region of 87 to 90 kb that contains most of the 
LdMNPV DNA polymerase gene (Bjornson and 
Rohrmann, 1992b) as a probe that was labeled by 
nick-translation with [e_32p] dCTP (NEN). DNA 
polymerase gene transcripts were also detected by 
reverse transcription and subsequent polymerase 
chain reaction (PCR) amplification according to 
the manufacturers protocol (Perkin Elmer). The 
reverse transcription and downstream PCR 
primer was composed of the nucleotides of the 
DNA polymerase gene from position 4042 to 
4059, and the upstream primer was composed of 
the nucleotides from position 3481 to 3498 
(Bjornson et al., 1992). 
2.4. Detecting the onset of DNA replication 
Six well plates (Coming) were seeded with 
1.8 × 10 6 Ld652Y cells per well. The cells were 
inoculated with 10 TCIDso units/cell of LdMNPV 
isolate A21-2 or B21-1, and infection was allowed 
to proceed for 1 h. The virus was then replaced 
with fresh media. One well of cells was harvested 
at 0, 6, 12, 16, 18, 20, 22, 24, 26, 28, 32, 36, and 
48 h p.i. (counting from the end of the 1 h 
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adsorption period) for each of the two isolates. 
Cells were harvested by scraping the cells from the 
bottom of the well with a cell scraper, resuspend- 
ing the cells in the BV-containing media, and 
transferring the cells and the media to a 15 ml 
Corning tube. The cells were then lysed by freez- 
ing overnight at - 2 0 ° C .  DNA was extracted 
from the cells by the method of Strauss (1990). 
One ml of cell suspension was made 100 mM 
NaCI, 10 mM Tris-HC1, pH 8.0, 25 mM EDTA, 
0.5% SDS, 0.1 mg/ml proteinase K (Boehringer- 
Mannheim), 0.1 mg/ml RNase A (Sigma), and 
then incubated overnight at 50°C (shaking). The 
cell suspension was then extracted twice with phe- 
nol/chloroform/isoamyl alcohol (25:24:1), and the 
aqueous phase was precipitated with sodium ac- 
etate and ethanol. The pellet was resuspended in 
400/11 of  6 × SSC and quantitated by UV spec- 
troscopy. The DNA was checked on a 1% agarose 
gel for the presence of RNA. Three dot blots were 
generated via the method of Brown (1991) using 1 
/tg of each DNA. These blots were then probed 
with a nick-translated probe for the p39 gene 
which contained only coding regions for the p39 
gene. The blots were hybridized and washed ac- 
cording to the method of Mahmoudi and Lin 
(1989), and five exposures (10 min, 1 h, 3 h, 6 h, 
and 16 h) were made on Kodak XAR5 X-ray film 
using intensifying screens. The developed autora- 
diograms were quantitated using a Biorad model 
620 video densitometer. By comparing different 
exposures it was possible to generate non-saturat- 
ing signals for each of the time points. 
3. Results and discussion 
3.1. Release of BV and polyhedron synthesis 
The studies performed in this investigation were 
done with two plaque purified LdMNPV geno- 
typic variants, isolates A21-2 and B21-1, (Slavicek 
et al., 1995), to assure that the observations were 
representative of LdMNPV as opposed to a viral 
variant. A multiplicity of infection (m.o.i.) of 10 
was chosen for this study since essentially all cells 
exhibited a typical cytopathic effect at 24 h p.i. 
BV and polyhedron formation were investigated 
during a 10-day and 7 day time course, respec- 
tively. The onset of BV release occurred at ap- 
proximately 24 h p.i. (Fig. 1A). BV release 
continued through ~ 72 h p.i., and the amount of 
BV present remained essentially constant through 
8 days p.i. (Fig. 1B). The greatest increase in the 
amount of  BV present occurred from 20 to 48 h 
p.i. Polyhedra were first detected on the second 
day p.i. in both isolates by visual inspection, using 
phase contrast microscopy. The percentage of 
cells containing polyhedra increased through 7 
A 
1 06 
10 5 
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1 "0 20 3"0 4"0 5"0 
Hours Post-inlection 
B 
1 08 
1 07 
I~ to  6 a 
A21-2 1 05 
[ ]  B21-1 
lO4 o ~ ,; " ~ " ~ " (o  " t'2 
Day Post-infection 
Fig. 1. Budded virus (BV) production in Ld652Y cells. 
Ld652Y cells were infected at 10 TCIDso units per cell. The 
cell culture media was harvested at 0 48 h p.i. (A) and 0 10 
days p.i. (B). BV TCIDso values were determined by the 
end-point dilution assay. Each value is the average of three 
determinations. The standard deviations of the means are 
indicated by the bars. 
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Fig. 2. Synthesis of polyhedra during viral infection of 
Ld652Y cells. The percentage of cells containing polyhedra 
was determined by light microscopic examination of ~ 200 
cells at each time point. Each value is an average of three 
determinations, and one standard deviation is shown. 
tional time course analysis of G22 gene transcrip- 
tion no difference was found between the isolates 
(data not shown). The LdMNPV p39 capsid gene 
was used to represent the late class of viral genes 
(Bjornson and Rohrmann, 1992b). A p39 capsid 
gene specific probe detected a single transcript of 
1350 nucleotides initially at 20 h p.i. in both 
LdMNPV isolates (Fig. 3B). The greatest amount 
of p39 capsid gene transcripts were present at 48 
h p.i. compared to the other times assayed. The 
polyhedrin gene was used to represent the very 
late class of LdMNPV genes. A polyhedrin gene 
specific probe first detected transcripts of approxi- 
mately 1400 and 3100 nucleotides at 30 h p.i. in 
both LdMNPV isolates (Fig. 3C). The amount of 
polyhedrin gene transcripts present at 48 h p.i. 
was much greater than at 30 h p.i. 
days p.i., and ,~ 30% of the cells contained poly- 
hedra at the last time point analyzed (Fig. 2). 
3.2. Temporal transcription of early, late, and 
hyper-expressed genes 
The temporal expression of an RNA from each 
of the three temporal classes (early, late, and 
hyper-expressed late) was examined by Northern 
analysis of RNA isolated from isolates A21-2 and 
B21-1. The immediate early gene, G22, was iden- 
tified in a previous investigation on LdMNPV 
spatial and temporal transcription (Slavicek, 
1991). G22 gene transcripts are first detected after 
a 1-h adsorption period, and are expressed in the 
presence of cycloheximide (Bischoff and Slavicek, 
1995), indicating that viral protein synthesis is not 
required for its expression. Consequently, the G22 
gene was classified as an early gene, and was used 
in this investigation to represent the early class of 
viral genes. Northern blots of RNA collected 
from both isolates at 0, 4, 16, 24, and 48 h p.i. 
were probed with a G22 gene specific probe. A 
transcript of approximately 850 nucleotides was 
found in both isolates (Fig. 3A). This transcript 
was detected at 4 h p.i. and it was still present at 
30 h p.i. The 4 h p.i. sample of isolate A21-2 
contains more G22 gene transcripts than the same 
time point of isolate B21-1. However, in an addi- 
3.3. Onset of DNA replication 
Total DNA was isolated from cells infected 
with the LdMNPV isolates at 0, 6, 12, 16, 18, 20, 
22, 24, 26, 28, 32, 36, 42, and 48 h p.i. Triplicate 
dot blots were generated using 1/~g of DNA from 
each time point. These blots were hybridized to a 
viral DNA probe (p39 capsid gene) and repeti- 
tively exposed to X-ray film for 10 min, 1 h, 3 h, 
6 h, and 16 h. Signals from the linear range from 
each of the exposures were normalized to the 
value they would have had with a 1-h exposure by 
comparing densities for points that were linear on 
each of two exposures. Densities were then aver- 
aged for all three blots. The relative density of 
each point was then determined with respect to 
the highest density for that isolate. The relative 
densities are plotted in Fig. 4. Both LdMNPV 
isolates exhibited a very similar DNA replication 
time course. By 20 h p.i. the relative density has 
doubled from the initial density indicating that 
DNA replication had begun. An increase in viral- 
specific DNA of approximately 3 fold occurred 
between 12 and 24 h p.i. A greater increase in 
viral DNA, of approximately 20-fold, occurred 
between 24 and 48 h p.i. (Fig. 4). This result is in 
close agreement with the observed 23 fold in- 
creases in BV found from 24 to 48 h p.i. (Fig. 
1A). 
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Fig. 3. Temporal Northern analysis of LdMNPV early, late, and hyper-expressed late genes. Total cellular RNA was harvested from 
LdMNPV infected Ld652Y cells at various times p.i., and hybridized with (A) a 32P-labelled oligonucleotide probe specific for G22 
gene transcripts; (B) a 3-'P-labelled oligonucleotide probe specific for p39 capsid gene transcripts; and (C) a 32P-labelled 
oligonucleotide probe specific for polyhedrin gene transcripts. Viral isolates A21-2 and B21-1 were used for infections shown in Fig. 
sections A, B. and C. Numbers above the lanes indicate h p.i., the numbers on the right indicate the lengths (in kilobases) of marker 
RNAs, and lanes marked C contain RNA from mock-infected cells. 
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3.4. Temporal expression pattern o f  the 
L d M N P V  DNA polymerase gene 
The temporal  transcription pattern of  the D N A  
polymerase gene was characterized to determine if 
the onset of  this genes expression occurred at the 
same approximate time as the onset of  viral D N A  
replication. A Northern blot containing R N A  
from Ld652Y cells infected with L d M N P V  isolate 
A21-2 from 12 through 24 h p.i. was probed with 
a double-stranded D N A  fragment that contained 
only D N A  polymerase gene sequences since D N A  
polymerase gene transcripts were not detected us- 
ing a stand-specific oligonucleotide probe. The 
D N A  polymerase gene was first detected as a 
transcript of  ~ 3800 bases in length at 16 h p.i., 
and was still expressed at 24 h p.i. (Fig. 5A). In 
order to confirm the identity of  these transcripts, 
D N A  polymerase gene expression was analyzed 
through reverse transcription and subsequent 
polymerase chain reaction (PCR) amplification. 
The reverse transcription reaction was performed 
with a nucleotide primer specific for D N A  poly- 
merase gene transcripts. A 562-bp D N A  fragment 
would be generated in the PCR amplification. A 
fragment of  approximately 562 bp was found in 
<{ 
Z 
N 
@ 
.> 
e~ .01 
1 "0 2"0 3"0 4"0 5"0 
Hours Post-infection 
Fig. 4. Temporal accumulation of LdMNPV DNA during 
infection of Ld652Y cells at 10 TCIDs0 units per cell. Relative 
amounts of isolates A21-2 and B21-1 were plotted versus time 
p.i. in hours. The amount of viral DNA present was deter- 
mined by densitometric analysis of slot blot autoradiograms 
generated by hybridization of total cellular DNA with a 
32p-labelled p39 capsid gene probe. Each value is the average 
of three replicate slot blots, and one standard deviation is 
shown. 
A 
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M C 0 2 4 7 16 20 24 
-4.4 kb 
-2.4 
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-0.56 
-0.34 
Fig. 5. Analysis of DNA polymerase gene transcription. Total 
cellular RNA was harvested from LdMNPV infected Ld652Y 
cells at various times p.i., and hybridized with a 32p-labelled 
DNA polymerase gene probe (A), or used to detect DNA 
polymerase gene transcripts through reverse transcription and 
subsequent polymerase chain reaction amplification (B). Num- 
bers above the lanes indicate hours p.i., the numbers on the 
right indicate the lengths (in kilobases) of marker RNAs (A) 
or DNA fragments (B), and the lane marked C contains RNA 
from mock-infected cells. 
the 7, 16, 20, and 24 h p.i. samples (Fig. 5B). This 
result confirms the previous finding of  D N A  poly- 
merase gene transcripts being present from 16 to 
24 h p.i. However, it also indicates that D N A  
polymerase gene transcription occurs prior to the 
time when sufficient transcripts have accumulated 
to levels detectable by Northern analysis. Taken 
together these results suggest that D N A  poly- 
merase gene transcripts accumulate slowly during 
the early phase of  infection. In the A c M N P V  
D N A  polymerase gene transcripts are detectable 2 
h p.i. (Tomalski et al., 1988) and the onset of  viral 
replication occurs at approximately 6 h p.i. (Tjia 
et al., 1979). The later onset of  D N A  replication 
in L d M N P V  may be a consequence of  the slow 
16 C.1. Riegel, J.M. Slavicek / Virus Research 5l (1997) 9 17 
accumulation of DNA polymerase gene tran- 
scripts. 
While it is difficult to compare the temporal 
expression of genes from different baculoviruses 
in different cell lines, it is interesting to note that 
the onset of expression of the LdMNPV G22 gene 
was found to be the same as early genes in the 
AcMNPV (e.g., ie-I gene, Guarino and Summers, 
1987); however, the expression of the LdMNPV 
p39 capsid gene and polyhedrin gene was found 
to be significantly delayed compared to the ex- 
pression of these genes in the AcMNPV which 
occurs at approximately 6 h p.i. (Friesen and 
Miller, 1985; Thiem and Miller, 1989). In addi- 
tion, the onset of DNA replication (18-20 h p.i.) 
and polyhedron formation (48 h p.i.) in the LdM- 
NPV were also found to be significantly delayed 
compared to the onset of DNA replication (6 h 
p.i., Tjia et al., 1979) and polyhedron formation 
(12 h p.i.) in the AcMNPV. The onset of viral 
DNA replication (12 h p.i.) and polyhedron for- 
mation (48 h p.i.) in the Orgyia pseudotsugata 
(Bradford et al., 1990) is similar to what we have 
found in the LdMNPV. 
The longer replication cycle of the LdMNPV 
compared to the AcMNPV may be an evolution- 
ary adaptation to the life cycle of its host. The 
gypsy moth host for LdMNPV takes approxi- 
mately 45 to 56 days to pass from hatching to 
pupation (McManus, 1980). In contrast, the host 
of AcMNPV, Trichosplusia ni, takes about 17 
days for larval development (Meade and Hare, 
1991); and the alternate host Spodoptera 
[?ugiperda takes between 21 and 28 days (Ghidiu, 
1987). A slower replicating LdMNPV would have 
an advantage, in the form of an increased number 
of progeny, due to the longer development time of 
the L. dispar host. Zanotto et al (1993) suggested 
that the LdMNPV and AcMNPV diverged from 
a common ancestor on the basis of polyhedrin 
gene phylogenetic relationships. The distinct rates 
of LdMNPV and AcMNPV replication may be a 
manifestation of their unique adaptive evolution- 
ary paths. Comprehending the molecular basis of 
the regulation of LdMNPV DNA replication may 
provide insights on viral evolutionary adaptation 
to a host. 
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